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Hydrogen cyanide (HCN) was detected in Comet Hale—-Bopp at
infrared wavelengths near 3.0 pm on four dates between Feb 24.0
and May 1.0 1997 using high-resolution spectroscopy. The average
rotational temperature retrieved for the (001) vibrational level on
UT 1997 April 29.9 was (95 £ 6) K near the nucleus, increasing
to (122 £8) K in the intermediate coma (4”-10" off the nucleus).
The HCN production rate on April 29.9 was (3.09 4-0.13) x 10%
molecules s1. When compared with the water production rate
obtained from direct measurements of the H,O 100-010 band on
common observation dates using the same instrument and data
processing algorithms, the weighted average (for the four dates) of
the relative abundance (HCN/H,0) was (0.40 & 0.05)%. The mea-
sured spatial distribution for HCN is consistent with its release at
the nucleus—no significant contribution from a distributed source
is required within 10,000 km of the nucleus.  © 1999 Academic Press

Key Words: comets, Hale-Bopp; composition; infrared observa-
tions; hydrogen cyanide.

INTRODUCTION

on Earth (Ferris and Hagan 1984). Yet Earth formed in a hot neb
ular region ¢~1000 K, cf. Boss 1998), where preplanetary solids
were depleted in the low-Z elements (e.g., H, C, N, O) normally
found in ices and low temperature organic refractories (McKay
1991). These elements (and HCN) would have been severel
underabundant on early Earth had not some later enhanceme
occurred. A current view is that Earth’s volatile inventory was
enriched by infall of comets, asteroids, and interplanetary dus
during the late heavy bombardment phase of the early Sols
System (cf. Chybat al. 1994).

Comets such as Hale—Bopp formed in the Jupiter—Neptun
region where low temperatures permitted them to retain “na-
tive” frozen volatiles (cf. Mummat al. 1993). They later were
ejected by the growing giant planets, and those which formec
the Oort cloud remained in the distant Solar System until being
injected again into the planetary region, reappearing as dynan
ically “new” comets. After a few passes through the planetary
region, they can be perturbed into orbits such as that of Come
Hale—Bopp. Because they never experienced high temperature
the interiors of these cometary nuclei are thought to retain thei
natal ices. If so, they are the least modified bodies remaining

Hydrogen cyanide (HCN) is a key intermediary for synthesfsom the formative phase of the Solar System. Their presen
of biochemical compounds on Earth—its presence in monometmmposition and structure represent a fingerprint of chemica
and/or polymeric form in liquid water can lead to amino acidnd physical conditions during their formation, which provide
formation, without which life as we know it would not exist (Oroclues as to the types of material brought to prebiotic Earth by
1961, Oroet al. 1992). A tetramer of HCN (diaminomaleoni-comets and interplanetary dust, bodies which carry a variety
trile) may have played a key role in prebiotic chemical evolutioof organic ices and dust (Mumrret al. 1993, Mumma 1997,
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Schulzeet al. 1997). The survival of specific chemicals froncomets thereafter (Bocled-Morvanet al. 1984, Irvineet al.
the largest impactors depends on detailed processes duringlid@4). HCN was first securely detected in Comet 1P/Halle)
collision (Chyba and Sagan 1992), but many small bodies reaarid was studied extensively throughout that apparition (Despo
Earth’s surface intact. Analysis of carbonaceous chondrites (#teal. 1986, Bockede-Morvanet al. 1986, 1987, Schloerét al.
most primitive meteorites) and of interplanetary dust particld®87, Winnberget al. 1987), confirming HCN as a progeni-
(comet debris) shows that small bodies deliver an inventotgr for some but not all of the CN observed at optical wave-
of exogenous complex organics to Earth’s surface even todapgths. After Halley, HCN was detected and characterize
(Clemettet al. 1993, Cronin and Chang 1993). in numerous comets (Bocle®d-Morvanet al. 1990, 1994,
The form and abundance of hydrogen cyanide in comets is@fovisieret al. 1993, Palmeet al. 1990, Wootteret al. 1994).
particular interest in the context of exogenous delivery of thidowever, these measurements were all made at low spatial re
key prebiotic chemical. HCN is a known component in cometdutions so they shed little light on the distribution of HCN
and is thought to be present as a native ice in the cometavighin the inner coma or on mechanisms responsible for it
nucleus—a so-called “parent” species—where it could exist inlease.
both monomeric and polymeric forms. Its abundance relative toln Hale—Bopp, many groups observed and tracked HCN prc
other nitrogen bearing species (e.g.,\\N,) can indicate the duction at millimeter wavelengths (Bivest al. 1997, 1999,
temperature of formation and the kind and degree of proce&®espois 1999, Liet al. 1997, Lovellet al. 1998, Raueket al.
ing experienced by precometary material, whether in the nal#196, Schloerlet al. 1996, Womaclet al. 1998, Woodnegt al.
cloud or in the solar nebula (Mumnedal 1993). If monomeric 1998). The distribution of HCN was mapped using both single
HCN were sufficiently abundant in native cometary ice, a polgperture telescopes (Lovedt al. 1998, Womaclket al. 1998)
meric or oligomeric form could coexist there or could formand interferometers (Bocle#-Morvanet al. 1998, Vealet al.
during warming (Rettiget al. 1992). Hydrogen cyanide readily 1998, Wrightet al. 1998), providing the potential for separately
formslinear hydrogen-bonded addition polymers (Pauling 196@gentifying native and distributed sources for HCN on spatial
Pimenteland McClellan 1960), which could provide a distributestales larger than the respective instrumental resolutions. The
source of HCN monomers if carried into the coma. The prespatial resolutions ranged from 15—-20 arcsec for single apertu
ence of a distributed source for HCN could imply the releagelescopes to 10 arcsec for the BIMA array and 3—4 arcsec
of addition polymers of HCN, release of hydrogen-bonded hehe IRAM Plateau de Bure Interferometer.
erodimers such asi® : HCN, or production of HCN monomers  Improved spatial resolution can be obtained at infrared wave
by chemistry in the coma. In the presence of a base (e.g, Nkengths, owing to the linear decrease in diffraction limit with
N2H4), HCN can also reorder into valence-bonded oligomevgavelength for comparably sized telescopes. Prospects for d
(Volker 1960). Being less volatile than the monomer and addecting cometary HCN through vibrational infrared fluorescence
tion polymers, HCN oligomers could reside on the surface ofveere explored by Crovisier (1987). For atime, sensitive searche
comet nucleus for long intervals (Matthews and Ludicky 1992)ere not possible, but recent advances in instrumentation ena
or be carried far into the coma before dissociating. Oligomelesd detection of HCN at infrared wavelengths in Comets C/199¢
such as biologically significant diaminomaleonitrile (HGN) B2 Hyakutake and C/1995 O1 Hale—Bopp (Bro@tel. 1996,
could provide a distributed source of NHC,, and CN (Huebner 1998, Magee-Sauest al. 1997, 1998, Mummaet al. 1996,
et al. 1989) but not of HCN itself. Thus, the spatial distributiotWeaveret al. 1999).
of HCN in the coma may indicate the nature of its sources, and its
abundance can provide limits for production of the CN daughter
species observed extensively at optical wavelengths (Beekel”
Morvan and Crovisier 1985).

OBSERVATIONS AND RESULTING SPECTRA

We obtained spectroscopic observations of C/1995 O1 Hale

. . CI%pp using the CSHELL cryogenic echelle grating spectrome
in C/1995 O1 Hale-Bopp at infrared wavelengths neagi3r0 ter (Greeneet al. 1993) at the NASA Infrared Telescope Facil-

From them, we obtain the absolute production rate of HCN and on Mauna Kea, Hawaii. CSHELL incorporates a 26@56

its spatial distribgtion in. the coma, along with the rotationa} Sb array detector having 0.pixels. The slit ( x 30") cor-
Ferr'lperature aqd its spatial variation. We use these datato Ob@ﬁoonds to spatial dimensions of approximately*A2&m in
insights regarding the release of HCN from this comet. width and 21,800A km in length (oriented east-west) at the
comet (A is the geocentric distance, in AU). Acquired frames
BACKGROUND contain spectral-spatial images of cometary emissions. The
provide spatially resolved spectra at a spectral resolving powse
HCN emits radiation in millimeter and infrared regions viafapproximately/Av ~ 2 x 10* (when the source fills the slit),
rotational and rovibrational transitions, respectively. A detesufficient to resolve individual cometary emission lines. The in-
tion of cometary HCN was first claimed at millimeter wavetensity profile of cometary emissions along the slit provides th
lengths in Comet Kohoutek 1973 Xl (Huebner al. 1974), information needed to separate direct (nuclear) and distribute
and upper limits of its abundance were obtained for numerossurces. Although recorded at Of2er pixel, the data were later



500 MAGEE-SAUER ET AL.

E each row, and the cometary frame was resampled row-by-row t
| 10,000km provide uniform dispersion over the length of the slit. Individual
3 “aminus b” frames (representing net comet signal) were shiftec
to a common detector row and coadded to improve the signal
to-noise ratio for each grating setting. We used the Spectrun
Synthesis Program (Kunde and Maguire 1974), which accesse
the HITRAN 1992 molecular data base (Rothnedral. 1992),
to establish an absolute frequency scale and to model the full
resolved transmittance spectrum of the terrestrial atmospher:
s We generated a 20-layer model atmosphere with appropriat
temperature and pressure profiles using column burdens of al
sorbing gases matched to those observed in the comet spectru
The optimized model was binned to the spectral resolution o
the cometary spectrum and normalized to the continuum level
Cometary molecular emissions were obtained by subtracting thi
normalized synthetic continuum model from the comet spectrun
(cf Fig. 2). The true line flux at the top of the atmosphere was
obtained by dividing the total flux of the cometary emission line
W by the fully resolved atmospheric transmittance at the Doppler.
shifted line position.
A rF_I'g’é;- CCc;ftT;etrsHier—eBsoeF;F: ﬁ:;?g&i rt]:‘sm;g:og iﬁﬁmcs\//:(inc;g ;/297 We detected numerous rovibrational spectral lines ofithe
| 9. | X H
1cpr19 Watts/n?/cr:*l). TFr:e 1 x 30" second slit was cenutered at the position oPand of HCN on.multlple dates (Tat.)le I).' The .SpeCtraI grasp of
the brightest cometary emission through the CVF. For this date {.753 AU), each grating setting spans three rovibrational lines offiband
the width of the slit was 1270 km. of HCN, so four grating settings were needed to adequately san
ple its rotational population distribution. Spectra were extractec
I- from the processed frames by coadding five rows centered o
the nucleus, for each of the four grating settings (Figs. 2A-2D).
ue to the high continuum levels exhibited in Comet Hale—
Qpp, cometary emission lines are more easily recognized afte
continuum subtraction. However, care must be exercised whe

cular variable filter (CVF) (Fig. 1). The comet's position Waénterpreting residuals in the cores of the strong atmospheric line
ere the model may not adequately represent the cometau

checked and updated by imaging at regular intervals, and th " dat heri tral emission leads to
images document the general morphology of the dust flow ggRntinuumand atmospheric spectral émission leads 1o Increas:

ing the observations. Guide rates were continually upgraded wWitR'se- gtf dm reglor; 'St ”Cth :jn.cc;hmetary motlecular I|:m|s-
these measurements; although not perfect, tracking of the co %FS' 4 Ner Sp?”C:fS € e(; ed '? ers]e spectra (elds, G,
throughout the course of a frame was acceptable within the lim- and NH) will be reported elsewhere.

its of atmospheric seeing. Spectra were acquired at each g §everalunidentified emissions appear in our spectra (Fig. 2A)

ing setting by taking two frames with the slit centered on tht e_sebu?rl](nown Iea:{urles sre con3|3|t_|ent:(y tprkeser,\l/tl in all Sspe(
comet (“a”) and two with the slit displaced 126ff the comet ra in both comets Hale-Bopp and Hyakutake (Magee-Saue

(“b”), in an “abba” sequence. Each sequence was immediat&] 'I. 1'998) and typically display intensities comparable to HC'N
followed by flat fields (using an internal continuum lamp) an% issions. A search of several molecular data bases determin

binned to a spatial resolution of btr more to improve the signa
to-noise ratio.

Most observations occurred during daytime when the tel
scope’s autoguiding capability was not useable, so we cente
the comet within the slit by imaging at 3/om through a cir-

dark frames. Exposure times on source were typically limited atthe emissions co_u_ld not be attribut_ed 0 molecgles include
60 s per frame to minimize cometary drift during the sequen ere. Infrared transitions from species newly discovered a
Absolute flux calibration of the cometary spectra was achieved
using observations of infrared flux standard stars through a 4
slit to ensure inclusion of the total stellar flux.

First order processing of the data included sky subtraction, flat

t

TABLE I
HCN Detections in Hale-Bopp

fielding, removal of high dark current pixels and cosmic ray hits p,e(s) h A

and removal of floating bias current. Curvature of the CSHEL{UT 1997) (AU) (AU) HCN lines detected

optics causes the spectrum to droop from left to right. This was

corrected column-by-column, so that a spatial position on tl'fé?i-l 241-0 01511134 1132‘;7 PPZZ'PZ&RPGLL P6, P7

sky fell along a single row of the detector. Also, the_dlspgrs! i1 29.9 1047 1753 Pz', P3’7 P4 P7. P8 P11, R6, R7
varied from top-to-bottom on the frame. Atmospheric em|SS|qQZy 10 1057 1770 P3, P4, P5, P7

lines were used to measure the absolute spectral calibration along
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FIG. 2. Flux-calibrated spectra of Comet Hale—Bopp for four grating settings obtained on UT 1997 April 29.9. Each figure shows cometary continuul
molecular emission lines (solid curve), normalized atmospheric transmittance spectrum (dashed line), and their difference (multiplietissefenij (A)—(D)
the 3um region is rich in cometary molecular line emissions. HChHg OH, NH,, NH3, and unknown species were detectgthe HCN P4 line includes a
minor contribution from the R1 rovibrational line ob8,.

millimeter wavelengths (Bocke&-Morvanet al. 1999) were along the slit. For a simple linear molecule such as HCN, the
carefully considered and eliminated. The spatial profiles of thelative intensity of each rovibrational line in emission is given
unidentified emissions were consistent with a parent volatiby

distribution. The fact that the emissions were relatively bright

su_ggested that the product of cglumn density and fluorescence Lo CinN (I 4 37 4 1)e BYEHDRGKD

efficiency for the unknown species must be comparable to that SGY 001 ’

of HCN. Possibilities range from a strong band of a comparably
abundant species to a weak band of a more abundant spe%iﬁ,]se

. . o srev is the frequency of the transition (¢, J’ andJ” are
Freerc(]auoebrlg'i?aéors!lr?etshgz?msbe\rg%lnﬁ?zkﬁecgaczzﬁ;r??: ath upper and lower rotational quantum numbers respectivel
W : using inatl ! + 385 the rotational constant of the (001) vibrational lev@ly,

many lines fall in the 3+m region. Our two strongestemlssmnsfs a geometrical constan@; is the rotational partition func-

are preliminarily consistent with the:2— v; band of HO, how- tion of the molecule, andNgp; is the column density in the

ever more complete band modeling is needed to permit a Secwsl) vibrational level (Herzberg 1950). We taBé— B’ —
identification. . =B"=

1.47 cnmt. The effective rotational temperaturE)(in the (001)
level of HCN is readily determined by comparing (kBig¢
ROTATIONAL TEMPERATURES In[(lem/v* (3’ + 3"+ 1)] againstd’(J’ + 1) for the lines ob-
served. A weighted least squares linear fit has a slopelgf .
To obtain a production rate for HCN, it is first necessary to Eight rovibrational lines of HCN were measured on UT 1997
determine its effective rotational temperature at each positiépril 29.9 within approximately a one hour time interval
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§ - E 2 Rotational temperatures are extracted using fluxes fhall’ box centered

at the offset distance. The final entry’¢40’) is derived using the weighted
average of the combined fluxes in a region extendifgld’ from the nucleus.

to-noise considerations (Table Il, Fig. 4). Our results sugges
that the rotational temperature increases in each direction t
around 3 from the nucleus, as expected if thermalization of
fast H atoms produced by photolysis op®l and/or electron
collisions heated the coma in this region (cf. BogleesMorvan
and Crovisier 1987, Xie and Mumma 1992). We see a similat
effect for CO on multiple dates (DiSari al. 1999). Rotational
temperatures obtained for HCN on other dates fox 1” re-
gions centered on the nucleus are consistent with the resul
for UT 1997 April 29.9, however the uncertainties are larger
because fewer lines were measured on those dates (Table
Table Il1).

Y@+

FIG.3. Rotational temperature analysis for 8 rovibrational lines of HCN on
UT 1997 April 29.9. (A) Line intensities extracted froma 1” box centered
on the nucleus. (B) Line intensities extracted from a region extendingG}
from the comet nucleus. The retrieved rotational temperafliret was 95+
6 K for the nuclear centered extracts and increased tet12K for the 4'-10"
region. The intensity of the P4 line includes a minor contribution from the R1
rovibrational line from GHy. If the P4 line is omitted from the fit, the retrieved
temperature does not change for nuclear centered extracts and increases by 3
for the 4'-10" extract.

(minimizing possible temporal variability). A spatial profile was
obtained for an individual emission line by summing over its
spectral extent in a processed cometary frame. The resulting
“strip” included cometary line emission, dust continuum, and
uncanceled sky (if any). The cometary molecular line emis-
sion was isolated by subtracting another strip which included

Rotational Temperature (K)

140

120

2

4 6 8 10 12
Distance of Extract from the Nucleus (103 km)

only continuum: corrections were applied when the atmosphericFlG' 4. Retrieved rotational temperature$rét) as a function of line-

transmittance and/or residual background levels differed for tﬁ;

f-sight distance from the nucleus. Each point represents the retrienetd
§im average line intensities extracted using”’ax1l” box at positions of 0,

two strips. Line intensities and rotational analyses for two pa=1” +2”, 13" from the nuclear centered position. Outside 6{34000 km),
sitions are shown in Fig. 3, and derived rotational temperatunes box size increased to include a regida@’ and 6—10 from the nuclear

are shown in Table II.

centered position. The retriev@dot increases with distance from the nucleus, as

A similar approach was used for regions displaced in boﬂ)ﬁpected if thermalization of fast H atoms produced by photolysis6f &hd/or

eastward and westward directions from the nucleus, but rej

lectron collisions heated the coma in this region (Xie and Mumma 1992). The
l?or shown for each point is the stochastic error. A systematic error contribute

able rotational temperatures within @ 1” aperture could be 4 additional uncertainty of10 K to each retrievedrot and is the same for

retrieved only within 3 arcsec of the nucleus, owing to signaéach offset.
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TABLE 111
HCN Production Rates and Rotational Temperatures in C/1995 Hale-Bopp

Date Torot? B2 Ta—10rot® B0 Fe Qlen Qren/ QP
1997 (UT) (K) (%) (K) (%) 10 Wm2) (1% mol s1) (%)
Feb. 24.0 95 10 29 120 25 8.5 2.39:0.20 0.27£0.04
April 6.1 97+18 14 120 12 14 5.62+ 0.54 0.53:0.07
April 29.9 95+ 6 38 122+ 8 36 13 3.09:0.13 0.46+0.03
May 1.0 98+ 12 25 120 22 7.1 2.806:0.36 0.38£0.05

2 The rotational temperature retrieved for'axt1” region centered on the comet nucleus for the (001) vibrational level.

b By is the modeled fraction of the totag band represented by the lines measured for the date in question, assuming a
rotational temperature dfprot.

¢ The mean rotational temperature for a region extendird @ from the comet nucleus for the (001) vibrational level.

d 8410 is the modeled fraction of the totag band represented by the lines measured for the date in question, assuming a
rotational temperature df—grot.

€F is the total emission flux along the slit betweéh-20" (averaged east—west) from the comet nucleus for all the lines
measured on a particular date (representing a fragtiohthe totalvz band).

fQuen (global production rate) for a regior’210’ from the nucleus. The global HCN production rates are slightly
overestimated due to a minor contribution from the RHgrovibrational line to the P4 line of HCN. However, the same HCN
production rate is retrieved within the experimental error if the P4 line is omitted from our analysis. We estimate the correction
to the total HCN production rate to be less than 2% for a rotational temperature of 120@x@Ag8/ Qrzo0 ~ 0.2%. The exact
contribution will be determined in future work.

9Qmu20 from measured values (Dello Russbal. 1999).

h Adopted temperature.

I The measure@20 on Feb. 24.0 is significantly higher than predicted by the water production evolution curve derived in
Dello Russcet al. (Qn20 = (8.3540.13) x 10%9] R,rﬂ_l'ssio‘ls)]). If the evolution curve value is used, the relative abundance
(QHcen/ Qrzo) is 0.35+0.04.

SPATIAL PROFILES AND PRODUCTON RATES than dust, owing to collisional effects (Combi 1996, Xie and
Mumma 1996a, 1996b).

The “spatial profile” for line or continuum emission is a mea- An effective “spherical” production rate (Q, moleculess
sure of the distribution of intensity along the slit (Dello Russoay be derived from the intensity measured at a specific locatiol
etal 1998, DiSantet al. 1999). The spatial profile for a species
released solely and uniformly at the nucleus, and expandin
outward with constant velocity, should showa? distribution
(p = projected distance from the nucleus). A species having
distributed contribution (e.g., CO) will fall off more slowly than
p~1. However, properties of the comet (e.g., outflow asymme:
tries) and observing conditions (primarily seeing and tracking_
errors) cause deviations fropt? even in the absence of a dis-
tributed source (Dello Russt al 2000). For this reason, it is
important to compare spatial profiles of volatiles and dust (si- 100
multaneously obtained), since seeing and drift will affect eact
in the same manner.

Al HCN rovibrational lines sampled on a common day were

300

L B B B B

Counts s~

lovvgn v bev o by

NI R A A

E ’
0 o e e e

summed and this partial band profile (e.g., 36% of the expecte Fe e 3
total band intensity on UT April 29.9) was compared with the A
profile of the (normalized) continuum emission (Fig. 5). The spa: o o o

es ICSECS as’

tial profiles were examined to determine whether the distribution
of HCN was characteristic of release at the nucleus alone or if reFIG. 5. Spatial profile of HCN, dust, and point spread function (star). The
lease from a distributed source is also required. For all dates, ti&N profile (points) is east-west symmetric about its peak emission at a
HCN profile is approximately east—west symmetric at all posﬁ)_ositions offset from the nucleus. The continuum profile (solid line, scaled tc

tions about the nucleus. while the continuum profiles reveal Sliht_e peak of the cometary HCN profile) reveals significant asymmetry, being mor
’ P g(tended toward the west (see Fig. 6B). The spatial profile of a star (dashed lin

nificant asym_metry (Figs. 1 and 5). The spatial diStribUt_ion Ofiﬁ_hstratesthe point spread function, which was limited by seeing (FWHR1).
“parent” volatile released at the nucleus should be more isotropicprofiles are normalized to a common value centered on the nucleus.
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using the (idealized, but useful) assumption of uniform spheridales sampled and on the rotational temperature. We used bar
outflow from the nucleus. A spherical production rate is obtainddactions based on the retrieved temperatures when availabl

from (Table 111). On April 29.9, our retrieved rotational temperatures
ranged from 95 K near the nucleus to 123 K‘4b¥set, and we

4 A’F adopted a temperature of 120 K at greater distances. For the:

Q= m eight lines,8 is only weakly dependent on temperature—it de-

creases from 38 to 36% as the temperature increases from 95
120 K. For all other dateg is only weakly dependent on rota-

tional temperature (Table IIl) so production rates are not highly
sensitive to the uncertainty in the adopted rotational temperature
Subtle differences between the retrieved rotational temperatur
of the (001) vibrational level and that assumed for the grounc

10~* photons s* molecule® at 1 AU, Varghese and HansonI | I not sianificantly affect our derived HCN product
1984, Crovisier 1999, personal communicatigh)s the frac- re\':SSWOU notsignificantly affect our derive production

tion of the band intensity contained within the measured lind& : . p
71 is the lifetime of the HCN molecule (6.6710* seconds at Spherical production rates were evaluated fof'a 1" box

1 AU, BockeEe-Morvan and Crovisier 1985), andiis the en- at positions centered on the nucleus and stepped along the slit
ergy per photon (J). For projected distances much smaller tHQﬁremftnr:S Ofig'.:'?' 6Af.)|' Efrrors war;egsgmate_d frolm the d TV"
the scale length of HCN, this relation is nearlyindepenolentoftﬁ‘é'ofnI 0 Wk?lspa 'Z pro Ieb rom afitte aus.s+ap0dyn0.m|a tes
specific value of the lifetime. For an outflow velocity of 1.1 km/ rofile. While we do not observe asymmetry in production rates
(cf. Biver et al. 1999), the scale length is 7x310* km at 1 AU or HCN, we take an east-west average to improve the signz

(corresponding to about 58 arcsec for geocentric distance!3f"0'Se of the data. This "symmetrized productlo_n rate in-
1.753 AU). creases from the nucleus-centered value to a terminal value

The partial band intensityR) is the sum of the measuredNZOOO km from the nucleus for both HCN and dust (Fig. 6C).

individual line intensities within the aperture in question. Thghe terminal value is taken as the total or “global prpducUon
Fte, Quen or Qqust We compare the global production rate

fraction 3 is obtained by band modeling using the measured r ) with that for water obtained from direct measurements
tational temperature of the (001) vibrational level (or an adoptectHEN )
P (001) ( P ?he HO 100-010 band on common observation dates (Dellc

one if too few lines were measured) and assuming that it reflel%sjt . .
the rotational temperature of the (000) ground level. Chin a ssoet al 2000). The weighted average of the relative abun-

Weaver (1984) examined the relationship between the rotatio ce (HCN/HO) for the four dates qf observation was (080
.05)%. HCN production rates, rotational temperatures, percer

population of thev =1 andv = 0 vibrational levels of CO, us- X
ing a model that included both collisional and radiative effect f band observed, partial band fluxes, and the measured abu

They showed that the rotational distributiomig= 1 retains in- 92NC€ relative to water for all dates of observation are presente
formation from the rotational distribution of the ground Ievel',n Tﬁblfa lll | off | . f1h ducti teis al
since radiative rates dominate excitation and decay processeg—. einl |;':1tod-nitijcd¢us |rf1crte;lase 0 ? pr? tF:C 'O%g;n;; aiso
As a result, the rotational population of the= 1 is quite simi- seen in related studies of other parent volatiles (Di '

lar to thatv =0, and reflects the LTE distribution of the groundlggg’ Dello_Russet a_I. 1998, 2000). Possible reasons for this
level. effect are discussed in Dello Russbal. (1998), and include

We modeled the HCN populations in (001) and (000) Vf'g\tmospheric seeing and drift of the comet in the slit. The effect:

: . T f seeing are illustrated by generatinglacurve for a stellar
brational levels by assuming a Boltzmann distribution in th& ! L2 . .
y 9 file convolved with @~ distribution (Fig. 6C). Thi®Q curve

ground vibrational level, and then used radiative excitation aR - S ; . . :
decay rates for 30 rotational levels connecting the ground and 50 exhibits a similar increase in production rate until reaching
aterminal value. Thus, seeing is probably the major reason wh

cited vibrational states (Bocle#-Morvan and Crovisier 1985, _ .
gclear-centered extracts yield lowered production rates. Th

Chin and Weaver 1984). The resulting rotational temperatd?l
in (001) was the same withil K to that in 000 at 120 K, presence of an extended source would caus@tberve for the

the difference being less than the statistical uncertainty in o latile to reach its terminal value at even greater distances fror

measured temperature. We thus calculate the individualgin%)i_e nucleus (depending on the spatial scale for its release) (c

factors using the measured rotational temperature of the (0 ?antl etal. 1999).

vibrational level and do not account for slight differences in the

rotational temperature between the (000) and (001) vibrational DISCUSSION
levels.

We calculated a production rate from the summed emissionThe significance of HCN as an exogenous biogenic volatile
profiles of the measured lineXE ) using the sum of their indi- is tied to its abundance and to its chemical form (monomer,
vidual line g factors Bgpang= X ;). The fractional band inten- addition polymer, oligomer) in comets. HCN mixing ratios ap-
sity (B) represented by the sampled lines depends on the speqifiared to vary greatly among comets (BoekeMorvanet al.

whereF is the measured partial band emission flux (W2rat
the top of the atmospheré(x) is the fraction of the total HCN
coma burden contained within the sampled region (Hatiah
1991), g; is the band fluorescence efficiency (3:88
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FIG.6. Retrieved production rates for HCN in Comet Hale—Bopp on UT 1997 Apr 29.9. (A) Spherical production rates for HCN derived by stéppitif a 1
box using 1 steps east and west of the nucleus out to a distanc€’dfL20700 km). Comparison of east (circles) and west (squares) extracts reveals no signific
asymmetry in HCN. (B) Spherical production rates for dust, east (circles) and west (squares) of the nucleus. The dust production rate was stalbeé to n
nucleus-centered production rate of HCN. The destruction scale length of dust was taken to be large compared with the spatial scale of the.obstmagon
asymmetry favoring the sunward direction is seen. (C) Symmetrized production rates for HCN (diamonds) and dust (triangles), derived fromavessightef!
east-west production rates. The effect of atmospheric seeing is illustrated by extracting symmetrized production rates from a synthetilepairadtpucted
by convolving the stellar PSF with@a ! profile (x's).

1994), but a reanalysis by Biver (1997) with an improved model Independent CSHELL observations of HCN on March 2-
found HCN/HO to be around 0.1% for all comets measure8 (Weaveret al. 1999) are probably consistent with our mea-
except 109P Comet Swift Tuttle where the relative abundanserements if a common model and model parameters are use
was ~0.25%. Wrightet al. (1998) reanalyzed the detectionNVeaveret al. derive Qucn = 8.5 x 1077 molecules/s, based on
claimed for Comet Kohoutek (Huebnet al. 1974) and ob- spectral extracts (1x 2”) centered on the nucleus, which we
tained HCN/HO ~4%. This value far exceeds that for any othelnave demonstrated can underestimate the true production rate
comet, including Hale—Bopp. The relative abundance of HC&lfactor of~2-5, owing to seeing and guiding factors. To com-
to H,O measured by our group-0.40%) featured an internally pare with our measurements, an additional correction (1.1/0.¢
consistent method for retrieving the respective production ratésneeded since different outflow velocities were assumed. Bast
Water production rates were obtained from direct measuremeaitsthe HO production rate measured on UT March 1.9 (463
of three vibrational bands of4® obtained with the same instru-0.23 x 10*°s~?, Dello Russet al. 2000) and our derived mixing
ment and analyzed with the same basic algorithms, using modsio (HCN/H,O ~ 4.0 x 10~%), we would expecQucn ~ 3 x
parameters appropriate to water (Dello Russal. 2000). 10?8 s71 on UT March 1.9. It is not possible to derive an
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exact universal scaling factor between our observations apgtimum mode to study jets since detection depends on overla
those of Weaveet al. Seeing and guiding effects are variable foof the slit with the jet.
individual scans, and other modeling factors related to specificThe production rate for CN obtained 1997 May 1 (near the
molecules are important as well. Considering these factors, tirae of our HCN observations of Apr 29.9) was abouk 1
Weaveret al. measurements d@ycn on March 2—3 could be 1078 molecules/s measured with an aperture 20-i8@diameter
reconciled with our results. (Schleicher 1999, personal communication};dy 3 of our pro-
Our absolute production rates for HCN are in agreement wittuction rate for HCN. Photo dissociation of HCN by solar radi-
those obtained from millimeter measurements by Wonedek ation produces CN with-97% efficiency (Huebnest al. 1992),
(1998), but are higher by a factor of two when compared to Biveo our measured production rate for HCN is more than adequat
et al. (1999) and Lovelkt al. (1998) for common dates. How-to provide the CN observed—indeed, some CN is “missing.”
ever, direct comparison of absolute and relative production rafEse reasons for this discrepancy are not yet resolved, but are
obtained by different groups can be misleading. Agreementlefst partly related to the scalelengths used in the Haser mod
absolute production rates might be more coincidental than cdaa-derive CN production rates. The abundance of HCN is large
sistent when observing approach, beam sizes, model parametesugh to account for the entire retrieved production of CN,
(outflow velocity, lifetimes, etc.), and model complexity differ.nhowever the spatial profile of the CN emission may not match
Our measured spatial distribution for HCN is consistent witlvith an HCN parent (Festoet al. 1998). If this were so, an al-
its release at the nucleus—no significant contribution from a diernate destruction mechanism would be needed for HCN—on
tributed source is required. Spherical production rates for HGNat does not release CN. Evaluation of other potential source
reveal no significant asymmetry (Fig. 6A). This is contrary tior CN (e.g., other volatiles or grains) must await revised mod-
the case for dust (Fig. 6B), which exhibits an asymmetric duslting of CN production rates and measurements of the spatic
production favoring the sunward direction. Despite the fact thdistributions for CN and its potential parents in Comet Hale—
Hale—Bopp is the dustiest comet known, there is no evidenBepp (Festowet al. 1998, Woodnet al. 1998).
that addition polymers or grains contribute a significant ex- The average rotational temperature retrieved for the (001
tended source for HCN monomers in Comet Hale—Bopp withiavel in the intermediate coma’{410’ off the nucleus) for HCN
10,000 km of the nucleus. Our results show that the high mixirfy22+ 8) K is slightly higher than that for CO (106 £ 3 K in
ratio of HCN in Hale—Bopp is not causally related to the graires region 4—11" off the nucleus, DiSantet al. 1999) for the
seen at optical wavelengths. Our data do not test the presencd©f1997 April 29.9 observations. An even lower temperature
oligomers of HCN, since these would release NEN, and G was retrieved for KO (77 K, +11—8 K, in a region 2-12
upon dissociation, but not HCN monomers. Regardless, HCNaf§ the nucleus) on the same day (April 29.9) using the same in
present in Hale—Bopp in greater abundance than in most oteeument and common observing and analysis techniques (Dell
comets, and our results suggest that most if not all of this HQRUsscet al. 2000). These differences likely reflect rotational ex-
is present as a nuclear ice. citation and relaxation probabilities for the individual species,
Wright et al. (1998) mapped HCN in Hale—Bopp with thewhich are controlled by dipole moments both for radiative cool-
BIMA interferometric array. They compared azimuthally avering and for collisional excitation by electrons (Xie and Mumma
aged profiles with Haser models, inferring that up to 20% couli®92). The rotational temperature for HCN increases with come
be produced from a distributed source at distances greater tt@gentric distance, similar to the behavior found for CO (DiSanti
10". However, small contributions from coma chemistry (Irvinet al. 1999). Measurements of rotational temperatures in the
et al. 1998, Rodgers and Charnley 1998) or temporal variabiliground vibrational level for other molecules at similar heliocen-
(Wright et al. 1998) could help account for the deviation frontric distance are consistent with the HCN and CO results (e.g.
a Haser profile of a native parent. We find no evidence for1l®3+ 7 K for CH;OH and CO, Biveet al. 1999), but a detailed
distributed source within 10of the nucleus, however our datacomparison is difficult because of observational and modeling
have insufficient sensitivity to confirm or rule out a small contridifferences.
bution from an extended source outside of ff@m the nucleus  The measurement of spatially resolved rotational tempera
(>12,000 km on April 29.9). tures for cometary volatiles provides a new and useful tool for
Jets of CN were discovered in Comet Halley (AHeatral.  studies of heating in the inner coma. With CSHELL, rotational
1986, Cosmoviciet al. 1988). These were distinct from dustemperatures can be sampled with just a few grating settings
jets seen at optical wavelengths, leading to the suggestion thhts technique will advance dramatically with the use of cross-
some CN is released from very small organic grains such as thspersed instruments currently being developed. These will pel
CHON patrticles found in that comet. Alternately, Combi (198 7nit spectrally resolved molecular bands to be sampled in a singl
suggested that a gaseous parent of CN was confined in a jeekposure, enabling study of variable production rates and com
the general coma gas. Klavetter and A'Hearn (1994) revisitptienomena with greatly improved temporal resolution.
this problem and concluded that50% of CN was released in  Additional work is needed to link the spatial character of
these jets, the remainder being released isotropically (all CNHEN emission and its production rate with that of its proposed
released from distributed sources). We see no evidence for j@asighter products. Our group’s set of infrared detections ir
of HCN in Hale—Bopp; however, long slit spectroscopy is not theéomet Hale—Bopp and Comet Hyakutake includes emission
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from many species linked to this question (NFIH,, CN, for  Brooke, T. Y., A. T. Tokunaga, H. A. Weaver, J. Crovisier, D. BoekeMorvan,

example) and will be used to further test the nature of HCN inand D. Crisp 1996. Detection of acetylene in the infrared spectrum of Come
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